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Abstract 

We investigate a construction of five- dimensional (5D) grand unified the- 
ories (GUTs) on an interval, which we call iGUTs. We analyze super- 
symmetric SO{10) iGUT as an example, where the gauge multiplet is 
spread over the 5D bulk. The SO (10) is directly reduced to the standard 
model gauge symmetry through the interval boundary conditions. Notice 
that this rank reduction is impossible in case of GUTs on orbifolds. Four 
scenarios are possible according to locations (bulk or brane) of Higgs and 
matter fields. We investigate the gauge-coupling unification, the proton 
decay, the 5*0(10) GUT features such as t-b-r unification and so on in 
each scenario. We also comment on the flavor phenomenology. 



1 Introduction 



A supersymmctric (SUSY) grand unified theory (GUT) is an attractive candidate as an un- 
derlying theory of the standard model (SM). The strongest reason is that the three SM gauge 
couphngs seem unified at a high energy scale, Aq ~ 2 x 10^^ GeV, which is the so-called 
GUT scale. However, recent precise measurements of the QGD gauge coupling show a small 
but finite deviation from the predicted value of the unification[l]. Also, some theoretical 
problems exist in the four-dimensional (4D) minimal SUSY SU{5) GUT. For example, the 
triplet-doublet splitting in the Higgs multiplets should be realized by an unnatural fine-tuning 
of O{10^^). So people pay attention to five-dimensional (5D) SU{5) GUT on an orbifold[2, 3], 
which realizes the gauge symmetry breaking and the triplet-doublet splitting simultaneously 
through boundary conditions (BCs) of the orbifold. We do not need to introduce adjoint 
Higgs fields to break the GUT gauge symmetry which usually violate the i?-symmetry explic- 
itly in the superpotential. Furthermore, a precise gauge coupling unification (GCU) can be 
reahzed by taking the compactification scale lower than the GUT scale Ag[4]. This situation 
corresponds to take the triplet Higgs masses lighter than Ag in the 4D GUTs, which however 
causes too rapid proton decay[5]. This problem is avoidable in the 5D setup, since the triplet 
Higgs fields get heavy masses with their chiral partners without violating the i?-symmetry[3]. 
The i?-symmetry is valid to forbid problematic dimension-five operators in general. Thus the 
5D GUTs on the orbifold are attractive from these phenomenological points of view. However 
the rank of the GUT gauge symmetry cannot be reduced on the orbifold BCs.^ So the GUTs 
with higher ranks than the SM must have extra remaining gauge symmetries, which should be 
broken by introducing extra elementary Higgs fields. Thus, if we would like to consider S'O(IO) 
GUT, which unifies quarks and leptons in a single multiplet, we must introduce additional 
GUT-symmetry breaking Higgs fields. For example, in Ref.[7], the orbifold BCs break SO{10) 
into the Pati-Salam gauge group, which is subsequently broken to the SM by vacuum expec- 
tation values (VEVs) of additional Higgs fields. Another setup is a six-dimensional spacetime 
where orbifold BCs break SO{10) to the SM gauge group times an extra U{1) which must 
be broken by additional Higgs fields again[8]. Anyhow, the existence of extra gauge groups is 
inevitable in the orbifold GUTs. 

Recently, some people consider an interval instead of the orbifold for the compactification 
space in 5D models[9]. It provides larger class of BCs than the orbifold, which are consistent 
with the action principle. The tree-level unitarity is also maintained for certain interval 
BCs[9, 10],^ part of which can be obtained from the orbifold by introducing non-dynamical 
Higgs fields (which we call fake Higgs fields) on the orbifold boundaries and taking their VEVs 

^Precisely speaking, a rank reduction can be possible in a gauge-Higgs unification scenario[6] which is not 
considered in this paper. 

^The unitarity under the orbifold BCs in the flat extra dimension is guaranteed by an equivalence 
theorem[ll]. 



1 



to infinity [9, 12]. It is remarkable that the rank of the gauge group is reducible by the interval 
BCs in contrast to the orbifold. We stress that the interval can take BCs which the orbifold 
cannot realize. For this reason, the interval is useful for the extra-dimensional model building 
in various contexts. However, most of the works on the interval use the interval BCs in models 
of the electrowcak symmetry breaking, namely, the Higgsless models [9, 13] or the gaugc-Higgs 
unification models[14]. The application of the interval BCs to the GUT-symmetry breaking 
has not been studied so far, except for the trinification model[15]. 

In this paper, we investigate a construction of 5D jV' = 1 SUSY GUTs on the interval, 
which we call iGUTs. The gauge multiplets are set to be spread over the 5D bulk. The rank 
of the GUT gauge symmetry is reduced through the interval BCs differently from the orbifold. 
In Section 2, we consider 5*0(10) iGUT, and discuss four scenarios depending on locations of 
the Higgs and matter fields in the extra dimension (bulk or boundary). The discussion on 
the ecu in the orbifold GUTs[4] is applied for these scenarios in Section 3. In Section 4, we 
review a construction of interval BCs by introducing the fake Higgs fields on the boundaries 
and taking their VEVs to infinity. Useful formulae are collected in Appendices. Section 5 is 
devoted to the summary and discussions. 

2 50(10) iGUT 

Let us consider the SO{10) iGUT with the flat metric. In this section, we impose interval 
BCs by hand at the two end points, y = and ttR, which break SO{10) to the SM gauge 
symmetry. Here y is the 5th dimensional coordinate, and we call these two end points as branes 
or boundaries in the following discussions. We should remind that any orbifold BCs cannot 
realize the direct GUT-symmetry breaking of 5*0(10) — * SM. The minimum field content is the 
gauge multiplet 45g, matter multiplets 16m, and a Higgs multiplet IOh- The doublet Higgs 
fields of the minimal SUSY SM (MSSM) are contained in IOr. There are no GUT-symmetry 
breaking Higgs in this field content. The gauge multiplet is spread over the 5D bulk, and the 
matter and Higgs fields are either bulk or brane fields. Realization of the following BCs by 
use of the fake Higgs fields will be discussed in Section 4. 

As for the gauge multiplet, we take the Neumann (Dirichlet) BCs for the SM (5'O(10)/SM) 
gauge fields A^^ (AJ^) on the y = nR boundary, where a (a) denotes the SM (5'O(10)/SM) gauge 
index. Thus, the gauge symmetry is reduced to the SM one at y = nR. On the other hand, we 
take the Neumann BCs for all components of the 5*0(10) gauge multiplet at y = 0. Therefore 
the BCs at both the branes are given as 

dyA^^dyAl^O, (y = 0), 9,A^ = 4 = 0, (y^nR). (2.1) 

The BC at y = makes all components of Ay heavy. Thus, there are no physical degrees of 
freedom in Ay, which are absorbed into the longitudinal components of massive gauge fields. 
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So we focus on A/^ in the following discussions. The BCs in Eq.(2.1) give the hghtest mode of 
A^^ a mass of 1/{2R), while that of A'J^ remains massless. It means that the 4D effective theory 
has the SM gauge symmetry. This is a kind of the Higgsless breaking of the GUT symmetry. 

Wc should determine the locations of the matter and Higgs fields for the discussion of 
phenomenological issues, such as the triplet-doublet splitting, the proton decay, the GCU, 
and so on. There are the following four scenarios according to the 5D locations of the MSSM 
Higgs doublets and matter fields. 

2.1 Brane Higgs and brane matter 

The first scenario is putting both the Higgs doublets and matter fields on the y = ttR 
brane. The gauge symmetry on this brane is already reduced to the SM one, so that 5*0(10)- 
incomplete multiplets and yS'O(10)-breaking interactions can be introduced on it. Some fea- 
tures of the SO{10) GUT are lost in this setup, for example, the t-b-r unification and 
unification of the right-handed neutrinos and other matters. And the charge quantization 
Q(P^) — ~Q{^~) nor the automatic anomaly cancellation of SO{10) are not guaranteed. This 
setup seems not so attractive, however, has the following good features. Absence of triplet 
Higgs fields makes the dangerous dimension-five proton decay operators mediated by them 
vanish. Dimension-six operators are also absent since the cosct space gauge fields do 
not couple to the brane matter fields due to no overlap at y = nR brane. As for intrinsic 
dimension-five operators suppressed by the cutoff scale, they are (almost) forbidden by im- 
posing the (approximate) i?-symmetry. Remind that this is impossible in the 4D setup, since 
the it!-symmetry is broken at the GUT scale through the triplet and adjoint Higgs masses. 

The it!-symmetry is set to be broken only in the hidden (SUSY-breaking) sector. There 
are the following three options for the location of the hidden sector. 

Hidden sector localized on the y = brane: The SUSY flavor problem can be solved 
by the gaugino mediation [17]. Recalling that the gravitino mass is TO3/2 ^ F/Mp (Mp ~ 

1.2 X IQ-'^^GeV: 4D Planck scale, F: order parameter of SUSY breaking), the gaugino mass 
is expressed as M1/2 = F/{2ttRAI) ~ 7723/2 x (5^/e). Here e = A*/Mp (A*: 5D cutoff scale), 
and 6=1/ \/2tiRKI is the volume suppression factor, which must be less than one if the 5D 
description is valid. Since A* is at most the 5D Planck scale M5 that is related to Mp through 
Mp = 2nRM^, these quantities satisfy the following relation. 

< e < 5 < 1, (2.2) 

^The extra-dimensional components Ay do not appear in the 4D minimal coupling with the brane fields. 
Although higher-derivative interactions of them which are localized on the branes might be possible[12, 16], 
we assume their absence in this paper, for simplicity. 

*We assume that brane- localized couplings normalized by A* are of 0{1), while the bulk gauge coupling 
constant is somewhat large in order to realize the suitable value of the 4D gauge coupling constants. 
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where the equahty holds when A* = M5. The other soft SUSY breaking masses are induced 
from the gaugino mass through the renormahzation group equations (RGEs) though they are 
small at the compactification scale, and then the SUSY flavor problem is solved[17]. There- 
fore the soft SUSY masses are of the order of the gaugino mass in the low energy.^ To be 
more concrete, in the leading-log approximation, flavor independent soft squared masses are 
generated through the gaugino loop as 

^2 Qrr„2n^2 ln(Mc/MsusY) ,^2 /o q\ 

m = STg^My^ ^Q^^ ^ V2' ^2.3) 

where T is a group factor being of order 1, g^is the 4D effective gauge coupling and Mc = 1/R 
is the compactification scale. 

In this scenario, the //-term is difficult to be induced from the hidden sector. The simplest 
example of generating /i is to introduce a gauge singlet field on the y — ttR brane whose VEV 
becomes the //-term [19]. 

Hidden sector localized on the y = ttR brane: The SUSY fiavor problem is revived again 
as in the 4D GUTs. Thus another flavor-independent SUSY mediation must be introduced 

and dominate the gravity mediation for the suitable soft SUSY breaking masses. 

The /i-tcrm can be induced by a direct coupling between the hidden sector's spurion fleld 
X and the Higgs flelds as X'^HuHd in the Kahlcr potential [20]. This case tends to realize a 
large /i ~ ^3/2 x e^^ so that the coupling of H^Hd should be tuned to be small in order for 
jji to be the same order as M1/2 ~ m3/2 x 

Radion i^-term: The SUSY breaking can be induced through the radion F-term[21, 22], 
which is equivalent to the Scherk-Schwarz SUSY breaking[23] in the flat metric[21, 24].^ The 
gaugino masses are induced from the radion F-term, which derives all soft SUSY masses 
through the RGEs as above. The gravitino mass is the same order as the gaugino mass in this 
setup as Ml/2 ~ "^3/2- 

The /(-term might be obtained by introducing an extra singlet.^ 

2.2 Brane Higgs and bulk matter 

The second scenario is putting the matter flelds in the bulk while the doublet Higgs flelds 
remaining on the y — ttR brane. As in the flrst option, the anomaly cancellation of SO (10) 
is not automatic. We denote a matter hypermultiplct 16m as (16,16'^), where 16 and 16*^ 
correspond to J\f — 1 SUSY chiral multiplets. We take the BCs as 

dyie = 16*= = (2.4) 

^The anomaly mediation[18] is effective in the case of heavy gravitino mass with < 10~^. 

^In a similar way, the coupling of X HuHd should be tuned to be small to avoid a large B-parameter[17]. 

''These are also equivalent to putting constant superpotentials in the branes[24, 25]. 

^There is no direct interaction T^HuH^ (T: radion) on the branes in the flat metric. 
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at both boundaries. It is worthwhile to notice that the BCs are compatible with the SO{10) 
bulk gauge symmetry, in contrast to the orbifold BCs.^ Because the Higgs fields are localized 
on the y = 7iR brane, the Yukawa interactions have to be localized on the brane, allowing us 
to introduce appropriate couplings of the MSSM. 

Due to the absence of the triplet Higgs fields, dimension-five proton decay operators induced 
by them are absent, and the intrinsic dimension-five proton decay operators are suppressed by 
imposing the (approximate) /^-symmetry as in the scenario in Section 2.1. On the other hand, 
the dimension-six proton decay processes mediated by the heavy gauge bosons exist because 
the matter fields couple to in the bulk.^'^ The experimental lower bound on the hghtest 
KK mass for A^, which is a half of the compactification scale, l/(2i?), is estimated using a 
formula in Ref.[5] as 

i > 3 X 10'= GeV ('-i] (llk^I^) "* ( ^ (2 5) 

where (74 is the unified gauge coupling constant in the effective 4D theory, Tp(p evr") is 
the lower bound on the proton lifetime whose present value is 1.6 x 10^^yrs[l],^^ and an is a 
constant of a nuclcon-to- vacuum matrix element which would be between 0.003 and 0.03 [27]. 
It should be noticed that the coupling of the n-th KK mode for A^, A'lj"'\ to the matter fields 
is a new parameter indicated as g!^, which is calculated as an overlap integral of wave functions 
of the matter fields and A^^"'\ and thus depends on the localization of the matter fields. The 
localization of a bulk matter field can be realized by a parity-odd bulk mass, m, which makes 
the wave function of the zero mode have an exponential profile, exp{my). It is straightforward 
to calculate the overlap integral among two wave functions of the matter fields and Alj'^\ or 
that of the zero mode of Af.. Then we obtain the ratio between the former and the latter as 

_ ^mi? {-(-l)"(2n - 1) - 4:e-^'''"^mR} (coth(7rmi?) + 1) 

~ (2n - 1)2 + (4mi?)2 ' ^^'^^ 

For instance, the ratio for the lightest mode A^*-^"* is calculated as gH = \/2 for the y = 
brane-localized matters (m —00), gH g^ = 2^/2/ n = 0.90 for the matter with the fiat profile 
(m = 0), and g^/ g^, = for the y = txR brane-localized matters (m 00). In reality, every 
yl^*^""* also mediates the proton decay, though its contribution is suppressed by (2n — 1)~^ 
compared to that of A^^^^ due to the heavier mass. Summing up those contributions, we find 



^For instance, in the SU{h) orbifold model where the BCs breaks SU{h) to the SM symmetry, and L in 
the 5 multiplet must have opposite parities. Thus, it is impossible for both components to serve zero-modes 
from a single 5 bulk hypcrmultiplct, but two multiplets should be introduccd[3]. 

^°In the orbifold models, such dimension-six operators are absent because D'^ and L {Q and {W^, E'^ j) reside 
in different 5 (10) multiplets, as mentioned in the footnote 9. 

^^A more stringent bound, 5.3 x lO^^yrs, has been reported in Ref.[26]. 
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that the effective couphng is given as 




2 



( 



<V (1/2)^ 



2(cosh(27rmi?) — 1) — sinh(27rmi?) + 27rmi?e 



94^ (n+ 1/2)2 



32mR sinh(7rmi?) 



n 



(2.7) 



Then, we effectively have 9^3/94 — •\/3Cr(2)/2 = 1.57 for the y = brane-locahzed matter, 
9es/9'i — •\/l5Cii(4)/27r^ = 0.91 for the matter with the flat profile, and 9^3/94 — for the 
y — ttR brane- localized matter. Here Cni^) is the Riemann's zeta function. 

In this way, the value of 9^g/g4 becomes small when the 1st and 2nd generation wave 
functions are localized around y = ttR, and then the proton decay is strongly suppressed, 
while the smallncss of these generation masses should be realized by small Yukawa couplings 
on the brane (or by some mechanism, for example, the Froggatt-Niclscn (FN) mechanism [28]). 
On the other hand, if we want to reproduce the fermion mass hierarchy by the bulk matter 
localizations [29], the 1st and 2nd generation matter fields should be locahzed around the y — 
brane. In this case, the value of g^f^, and thus the dimension-six proton decay, are enhanced. 
As will be shown in Section 3, the precise GCU might need unknown extra fields in the brane 
Higgs scenarios, so the compactification scale 1/R cannot be determined at the present stage. 
When this mass is of the order of the GUT scale, the decay rate of the process p ^ en is 
enhanced by a factor 6 compared to the minimal SU{5) model. Anyhow, we should notice 
that the bulk matter profiles cannot explain all fermion mass hierarchies and fiavor mixings 
only by themselves due to the bulk S'O(10)-symmctry. 

The SUSY flavor problem is not solved due to the existence of the bulk matter fields. 
Neither the hidden sector on the y — brane nor y = nR brane can solve it. The radion 
F-term also induces the SUSY fiavor problem due to the generation dependent bulk matter 
profiles[30]. In some context it can be solved due to suitable localizations of the matter fields, 
as analysed in Section 2.4, but, in principle, another fiavor-indcpcndcnt SUSY mediation 
must be introduced and dominate the gravity mediation for the suitable soft SUSY breaking 
parameters. 

As for the /i-term, the situation is the same as Section 2.1. The interaction X'^HuHd can 
induce the suitable value of /i when the hidden sector is localized on the y = nR brane. 

2.3 Bulk Higgs and brane matter 

The third scenario is putting the IOh Higgs hypermultiplet in the bulk whereas the matter 
fields on the y = nR brane. As the first option in Section 2.1, the introduction of the matter 
fields on the 5'O(10)-breaking brane means that the charge quantization nor the automatic 

^^A case of the matter fields localized on the y = brane cannot reproduce the realistic fermion mass 
spectrum. 
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anomaly cancellation are no longer guaranteed. Denoting the hypermultiplet IOh as {H, H^) 
[H"^: chiral partner), we take BCs for IOh as 

dyH^H'^Q, (?/ = 0), dyHD^Hr^ H^D-dyH^^O, (y^nR), (2.8) 

where H^'^^ = {h!^\ H^^^) with H!jp^ {H^d ) being the triplet (doublet) Higgs field. Here we omit 
an index that labels two difi^erent Higgs fields, i.e. one forms the up- type Yukawa interactions 
and the other does the down-type ones. The triplet-doublet splitting is realized through these 
BCs similarly to the 5D SU{h) GUT on the orbifold[2]. 

Again, although the 5'O(10)-relations such as the t-h-T unification are lost, appropriate 
Yukawa interactions and Majorana masses of the right-handed neutrinos can be introduced 
on the y = irR brane. Since the triplet Higgs fields, H^, have the Dirichlet BC, they do not 
couple with the brane-localized quarks and leptons. The i?-symmetry forbids the dangerous 
intrinsic dimension-five proton decay operators. 

In Section 3, we will show the bulk Higgs is preferable for the accurate GCU, where the 
favorite value of l/(2i?) is about oi 0(10^'^) GeV. This seems dangerous for the proton decay 
through the dimension-six operators. Nevertheless, this scenario does not have the dimension- 
six proton decay processes, as the scenario in Section 2.1. Furthermore, this setup can solve the 
SUSY flavor problem when the hidden sector is localized on the y — brane via the gaugino 
mediation as in Section 2.1. A difference here is that the bulk Higgs multiplcts can also play a 
role of the SUSY breaking mediator through the (flavor dependent) Yukawa interactions. As 
the gaugino mass, the SUSY-breaking masses of the Higgs fields, m^, exist at the tree level via 
the contact interactions X'^XWH. These masses contribute to the flavor violation through 
the loop effects. Such contributions to the soft squared masses are evaluated in the leading-log 
approximation as 

= 2TY^Yrn t''^^i^r^\ (2-9) 
Idtt 

where Y is the Yukawa matrix and T is a group factor to be calculated individually. The 
patterns of the flavor violations induced by (2.9) arc exactly the same as the well-known 
results in the MSSM plus the right-handed neutrinos[31, 32] with the universal SUSY breaking 
parameters at the cutoff scale, within the leading-log approximation. 

In this case the //-term is generated through X^HuH^ with the same order as the soft 
SUSY masses, /i ~ 7713/2 x (5^/e) (~ M1/2) because of the volume suppression factor in the 
interaction (X'^HuH^) similar to the gaugino masses. Therefore this scenario is phenomeno- 
logically favorable. To be more precise, since the accurate GCU will require S ~ 1/32 and 
e ~ 10^^, which are read off from Eq.(3.9), the soft SUSY masses and // are smaller than the 
gravitino mass as 0.1 x 777.3/2 ■ 

^■'Wc need a tuned coupling of X H^Hd to avoid a large i?-parameter[17]. The radion ^F-term might 
also solve the SUSY flavor problem, however, the suitable /x-term is not easily generated in the minimal field 
content as shown below. 
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In the bulk Higgs scenario, the /x-term might be also obtained through a non-canonical 
Kahler potential /C 3 HuHd + h.c. on the brancs and a vanishing cosmological constant 
condition. This picks up the SUSY and i?-symmetry breaking cffccts^^ in the supergravity 
(SUGRA) setup, which is the so-called Giudice-Masiero (GM) mechanism [33]. It might induce 
a small /i-term as /x ~ "^3/2 x while M1/2 ~ '"^3/2 x (^^/e) oi' ^1/2 ~ ^^3/2 for the brane- 
localized hidden sector or the radion F-term scenario, respectively.^^ 

2.4 Bulk Higgs and bulk matter 

The fourth scenario is putting both the Higgs and matter fields in the bulk. This scenario 
guarantees the charge quantization as well as the automatic anomaly cancellation of 5*0(10).^^ 
As will be shown in Section 3, the bulk Higgs setup is preferable for the accurate GCU. 

2.4.1 Proton decay 

The dimension-five proton decay operators can be suppressed by the approximate i?-symmetry, 
even though the triplet chiral partner couples to the matter fields in this case. It should be 
noticed that the triplet Higgs components Ht become super-heavy through their i?-symmetric 
KK masses with the chiral partners, H^, instead of i?-breaking mixing masses between two 
Hts. This is an essence of the existence of the (approximate) it!-symmetry, which prevents 
the dimension-five proton decay processes, as keeping the triplet-doublet splitting[3]. 

In order to suppress the dimension-six proton decay processes, the 1st and 2nd generations 
should be localized on the y = ttR brane, as we have already shown in Section 2.2. Let 
us examine how the proton stability constrains the localization of the matter fields in more 
concrete. As discussed in Secion 2.2, the localization of the i-th generation is controlled by a 
kink mass mj, and we analyse the constraints on the parameters. The effective coupling (2.7) 
for the 1st generation is constrained according to Eq. (2.5). For instance, a value 1/{2R) — 
3.6 X lO^^GeV which is calculated in Secion 3 using the central values insists g'^s/gi < 0.12 
for an — O.Ol(GeV)^ in order to be consistent with Tp{p — > e7r) > 1.6 x lO^^years. This 
constraint is converted into that of the parameter mi through Eq. (2.7) and we find that 
ruiR > 13.6. This means that the 1st generation should be strictly localized on the y — ttR 
brane, in practice. 

In addition, the localization of the 2nd generation is constrained by another decay mode 
Tp{p ^ij.K) > 6.7 X lO'^^years, which is induced through I61I61I62I62. Now, the effective 

^''The Peccei-Quinn (PQ) symmetry is also broken by this non-canonical Kahler potential. 

^^In both cases the coupling between the gauge fields and the hidden sector fields must be tuned to be small 
to realize /i ^ Mi/2- In such a case, the anomaly mediation effects should be also taken into account. 

^^The automatic anomaly cancellation is lost if an S'O(10)-incomplete multiplets are put on the y = ttR 
brane. 
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coupling is given as 



E 



glndln 1 _ r 1 e-2™2i? e-2™iil 



Qa (2n + 1)2 32 [ (mi + m2)R rriiR 

_^g27r(mi+m2)i? ( ^ ^ ^ I 27r 

\miR m2-R (mi + m2)R 



X {coth(7rmii?) + 1} {coth(7rm2i?) + 1} , (2.10) 

where gf,^ is defined by Eq. (2.6) with replacing m by rrii {i = 1,2). Assuming the same 
constraint (2.5) also for this decay mode, the square root of (2.10) is constrained to be smaller 
than 0.15, leading to a constraint on m2. For instance, we have m2i? > 4.0 for mii? = 13.6. 
For larger mi, the constraint on m2 becomes weaker. In such a case, another constraint 
from the same decay mode induced by I62I62I62I62 may become dominant through the 
quark mixing. It constrains the effective coupling (2.7) with the replacement m m^.- Then 
we obtain g^g/g^ < 0.15A~^, where A is the mixing angle between the flavor and the mass 
eigenstates. If it is given by the CKM mixing, i.e. A ~ 0.22, we obtain m2-R > 0.5. 

In a similar way, the localization of the 3rd generation is possibly constrained by a similar 
mode Tp{p — > i^tK) > 6.7 x lO'^^years through the quark mixing between the 2nd and the 
3rd generations. If the mixing is given by the CKM angle, i.e. A^, the upper bound on the 
coupling is enhanced by A~^ compared to that of the 2nd generation, leading to no constraint 
on ma. 



2.4.2 Yukawa interactions 

Due to the 5D J\f = 1 SUSY in the bulk, the Yukawa interactions cannot be written except 
on the branes. 

There are the following typical three cases for the locations of the three generation matters. 

Case A: The 3rd generation is localized around the y = brane. 

In this case there is a possibility to ensure the SO{10) GUT feature, i.e., the t-b-r unifica- 
tion through the Yukawa interaction on the y — brane. The realistic Yukawa couplings for 
the 1st and 2nd generations are introduced on the y — nR brane where the SO (10) symmetry 
is broken down to the SM one. We must abandon the possibility to explain the fermion mass 
hierarchy by the matter localization, and assume hierarchical couplings on the brane. 

Because the off-diagonal terms in the Yukawa matrices on the y = brane do not con- 
tribute to the CKM mixing due to the SU(2)ij symmetry in 5*0(10), the source of the mixing 
should be on the y = ttR brane. In order to reproduce the 2-3 mixing, the 3rd generation 
has to have an overlapping with this brane no smaller than A^. This means that the t-b-T 
unification is typically violated by larger than A^. 
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Case B: All generations are localized around the y — ttR brane, and the Yukawa interactions 

are also there. 

This situation is similar to the scenario in Section 2.3, in which the accurate GCU is re- 
alized as keeping the proton stability. However, it looses both the explanation of the fermion 
mass hierarchy by their profiles and the t-b-T unification. 

Case C: The 3rd generation is localized around the y — ttR brane, and the 1st and 2nd 
generations arc around the y = brane. 

In this case, the proton decays too rapidly through the dimension-six processes, which is 
enhanced for the accurate GCU. This difficulty can be avoided when the background geometry 
is warped. In the warped background [34], all the KK modes are locahzed around the y — nR 
brane, and thus a mode localized around the y — brane has only a tiny overlap with A^, 
which suppresses the proton decay. 

We introduce Yukawa interactions with C(l) couplings on the S'O(10)-breaking y = nR 
brane. In this case, although the t-b-r unification is lost, there is a possibility to explain the 
suitable fermion mass hierarchies by the matter profiles[29]. 



2.4.3 SUSY breaking 

In general, due to the existence of the matters in the bulk, the SUSY flavor problem is not 
solved unless another flavor-independent SUSY-breaking mediation is introduced and becomes 
dominant. Now, the situation is better because the 1st and 2nd generations are taken away 
from the y = brane to suppress the proton decay via the dimension six operators. Thus, if 
the hidden sector where SUSY is broken is localized on the y = brane, the dangerous contact 
terms among the hidden sector and the lst/2nd generation are suppressed. For example, if 
we set {mi,m2)R = (13.6,4.0) and the 3rd generation localized around the y — brane, 
the contact terms for the scalar soft masses of the 1st and 2nd generations are exponentially 
suppressed as 

/ iQ-37 iQ-24 \ 

6m^ ~ 10-24 10-11 10-5 ml (2.11) 
\ 10-18 10-5 1 / 

Thus, we can conclude that non-negligible contact terms can appear only in the (3, 3) clement, 
in the flavor basis. In order to evaluate the flavor violation, we have to move to the mass basis. 
In the case when the mixing is given by the CKM matrix, the tree level off-diagonal elements 
are given as 

/ A5 A3 \ 

Sm" ~ A^ AM ml. (2.12) 
V A3 A2 J 

The diagonal elements are generated through the gaugino loop as Eq. (2.3) in the leading- 
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log approximation. Thus, assuming rho ~ M1/2, we can see that the off-diagonal elements 
(2.12) give interesting predictions just around the present bounds, calculated in Ref. [35] for 
-^susY ~ 350GeV and not so large tan f3. Now, tan j3 is large to realize the t-b-r unification, 
and thus the bounds cannot be applied as they arc in the reference. Nevertheless, this obser- 
vation is useful to get a rough sketch whether the contact terms arc crucially dangerous or 
not. The actual bounds in this model would be revealed by a more detailed analysis using the 
full RGEs, which is one of our future works. 

As for the //-term, the situation is the same as Section 2.3, where the direct interac- 
tion X^HuHd on the brane works well. Also, the scalar masses of the Higgs fields exist via 
X^XH^H, and contribute to the flavor violation through the loop effects as evaluated in 
Eq. (2.9), giving a similar contributions as in the MSSM plus the right-handed neutrinos with 
the universal soft terms. 

3 Gauge Coupling Unification 

Since higher dimensional gauge theories arc non-renormalizablc, it is not easy to trace the flow 
of each gauge coupling constant above the compactification scale. Nevertheless it is known 
that, if there is the unified symmetry in the bulk, flows of differences of two different gauge 
couphng constants, Sa^^ = — a'^^, are at most logarithmic in the orbifold models[3, 4, 12]. 
Thus we can examine whether the three gauge couplings are unified or not. Essentially the 
same discussion can be also applied to the iGUTs, and we show it in the following. 

It is convenient to introduce the following non-analytic but continuous function for a; > 1: 

m - ' E Vl)' In (^) + (-1)^=^ In j , (3.1) 

where is the natural number that satisfies x — 1 < < x. This function converges for large 
X as /(oo) = — ln(7r/2) ~ —0.45. In the following analysis, we approximate this function by 
/(oo) for X > 10, because an error induced by this approximation is of 0{1/ {2x)). 

First, let us evaluate the contributions from the bulk IOh Higgs hypermultiplet with BCs in 
Eq.(2.8) above the (half of) compactification scale. Here we do not introduce parity-odd bulk 
masses, for simplicity. The KK spectra of the doublets and triplets are n/R and {n + l/2)/R, 
respectively. A pair of the doublet and triplet compose a (full) multiplet of SU{5), and then 
the contribution from this pair is common to the flow of each coupling. This means that a 
triplet contributes to the flows of Sa~^ by the same factor as a doublet but with the opposite 
sign. In each KK state, there are four doublets or four triplets except for the zero-modes. 
(The zero-modes consist of only the two Higgs doublets.) Therefore the contribution of the 



11 



IOh hypermultiplet above 1/{2R) is given by 

A^5ar\t,) = -2^/ {2R^^) ~ ^ In (^) , (3.2) 

where SCo = (0,1/5,-3/10) is the contribution by the Higgs doublet to the flow of Sa~'^. 
On the other hand, the contribution from the two Higgs-doublet superfields locahzed on the 
brane is given by 

AH6a;\fi) = ^ In {2R^) , (3.3) 

TT 

as in the usual 4D models. Comparing Eqs.(3.2) and (3.3), we notice that the sign is flipped 
when the Higgs multiplets start propagating in the bulk. 

Next we evaluate the contributions from the gauge multiplet with the BCs in Eq.(2.1). The 
KK modes with a mass n/R in compose an 5*0(10) multiplet together with those with 
a mass (n + l/2)/i? in A^, so that the former contributes to the flows of Sa^^ by the same 
factor as the latter but with the opposite sign. Since a massless vector (chiral) supermultiplet 
contributes —3 (1), a massive vector supermultiplet contributes —3 + 1 = —2. Thus, above 
l/(2i?), the 50(10) multiplet (^^, A«) contributes to the flow of Sa^^ as 

A,5a-\^^)^-^-^{-2\n{2R^^)-f{2R^,)) ~ (-2 In (2i?/.) + In (|)) , (3.4) 

where 6Cg = (0, 2, 3) is the contribution from the MSSM gauge sector. 

As for the matter flelds, they do not contribute to the flows of Sa^^ because they compose 
degenerate 5*0(10) full multiplets. Then, in summary, we obtain 

da-\i,) ^ 6a;' - ^ (-21n(2i?/x) +ln (^^)) + AnSar^,,). (3.5) 

Defining Ac by (5q;^^(Ag) = in the MSSM, the value of a^' (l/(2i?)) is determined as 

SaT' = Sar\Aa) + ^ In (2it:AG) , (3.6) 

where 5bi — (0, —28/5, —48/5) is the difference of the beta functions in the MSSM. 

Now we can estimate the deviations from the MSSM, depending on the Higgs profiles. We 
determine the value of A* by use of 5q;^^(A*) = 0. By imposing Sa^'{A^) = 0, we determine 
1/{2R) and A* as a function of ^^^^^(Ag), which is the problematic disagreement of the 
QCD coupling in the 4D minimal SU (5) GUT. Neglecting the GUT threshold correction, the 
deviation is estimated as 6a^'{AQ) = 0.855 ± 0.315[4]. Anyhow, the GCU crucially depends 
on whether the Higgs fields are located in the bulk or on the brane, so we analyze the GCU 
in each case. 
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Bulk Higgs case: 



Equation (3.2) derives 

. Sa-' [±) - § (-2,n(2«,) + ,n g)) + ^In g) . (3.7) 

Taking 5q;7^(A*) = 0, we can calculate (In {2RAq) , In (2i?A*)) as 

( In (27?Ag) \ _ / |27rfe3-i(AG) - In (f ) \ _ / 4.00 \ 

1^ ln(2i?A,) j - V ^27r5a3-^(AG) -ln(f) 1^ 5.78 J ^'"'''^ 

for 5q;3 ^(Ag) = 0.855. This means 

(2i?AG, 2i?A,) = (55, 320), (3.9) 

which is consistent with Refs.[4]. In this case, the mass of the lightest modes in is evaluated 
as 1/ (2i?) = 3.6 X 10^'^ GeV, which is too light to be consistent with the proton decay constraint 
unless the coupling g^^ is small as 9^^/94 < 0.12 (0.21) for an = 0.01 (0.003).^^ It can be 
achieved when the 1st generation matter is localized around y = nR. (A typical case is (7"^ = 
which corresponds to the matters strictly localized on the y = irR brane.) This constraint 
plays a crucial role for the construction of models as shown in Section 2.4. 



Brane Higgs case: 

By similar calculations, we obtain 

by use of Eq.(3.3). However, this means A* < Ag < l/(2i?), a nonsense relation. This imphes 
the precise GCU is difficult in the brane Higgs scenario. Thus, introduction of extra 5*0(10) 
incomplete multiplets on the y — ttR brane might be required for the precise GCU. 

RecaUing that the hght triplet Higgs multiplets are preferred for the GCU in the 4D 
minimal GUT [5], the bulk Higgs scenario, which can have the hght triplets, might be preferred 
than the brane Higgs scenario. (We should emphasize again that the hght triplets in the 4D 
GUT induces too rapid proton decay.) 

^''For the smaller value by 1-a, 5a^^{AG) = 0.539, the gauge boson mass is modified as 1/{2R) = 1.9 x 
lO^^GeV, which still requires a little bit small g^^ or |q!h| as fffffM < 0.60 (1.1) for = 0.01 (0.003). 
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4 Interval BCs by fake Higgs 



Some of the interval BCs can be obtained from an orbifold jZ^ by a method which we call 
the joke Higgs construction. In this paper we focus on such types of BCs, which are expected 
to be consistent with the tree-level unitarity and the Ward-Takahashi identities [9, 10]. The 
jake Higgs construction of the interval BCs was first introduced in Ref.[12]. For reader's 
convenience, we review this method in this section. We discuss general arguments first, and 
then give the SOiVS) BCs on an interval. 



4.1 General arguments 

In the orbifold, BCs are strictly restricted by the orbifolding parity if there are no boundary 
terms. Namely, fields with even (odd) parities follow the Neumann (Dirichlet) BCs automat- 
ically. However, in the interval, the even (odd) parity does not automatically correspond to 
the Neumann (Dirichlet) BC. Thus, more general BCs are possible on the interval, which 
broaden the possibility of the model-building. Some of them are obtained by introducing 4D 
scalar fields on the boundaries, whose VEVs break part of the residual symmetries under the 
orbifold projection, and taking their VEVs to infinity. We name such boundary fields as joke 
Higgs fields because they arc not dynamical degrees of freedom after taking the limit. The 
effects of the boundary Higgs fields are replaced by the boundary masses after they get VEVs. 
The detailed calculations are provided in Appendices. In this subsection we will explicitly see 
how the boundary masses change the mass spectra and BCs of the bulk fields in some simple 
examples to illustrate the situation. 



4.1.1 Gauge sector 

Here we consider a case that part of the gauge symmetries is broken at y = Tri? by the 
boundary masses M.a for the gauge fields A^, which arc induced by the VEVs of the boundary 
jake Higgs fields. The mass spectrum is determined by Eq.(A.19) in Appendix A.l. In the 
fiat spacetime, it becomes 

tan(ma,n7ri?) = - — (4.1) 
and the mode functions (profiles of wave functions) are given by 

-1/2 



where ma,„ are solutions of Eq.(4.1). 

In the case of no boundary mass, i.e., M.a = 0, the gauge field follows the Neumann 
BCs at both boundaries and the mass eigenvalues are ma,n — n/ R {n: integer), which is just 
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the case of the orbifold. If we turn on the boundary mass Ala, the eigenvalues are shifted as 

(^)- 

For a finite M.a, the shift of the mass eigenvalue monotonically decreases as the KK level n 
increases, and becomes negligible for ma,n ^ M.a- In the limit of M.a oo, on the other hand, 
all eigenvalues are uniformly shifted by l/(2i?), which indicates that the boundary condition 
at y = TiR changes from Neumann to Dirichlet. This can be seen explicitly from Eq.(4.2). 
The boundary value of the mode function at y = nR is given by 

-1/2 



2 ■ Aml^ + Ml 



(4.4) 



by using Eq.(4.1). In the limit of Ala ^ oo, this goes down to zero, i.e., fn{y) follows the 
Dirichlet BC aX y = ttR. We should remember that the parity eigenvalues never change at 
any BCs realized by the fake Higgs. 

4.1.2 Hypermultiplet sector 

Next we see mass spectra of hypermultiplets in the presence of boundary masses. In Ap- 
pendix A. 2.1, we consider a case that the bulk hypermultiplets have mass terms localized at 
y — ttR. Here let us focus on a case that two hypermultiplets have only the boundary Dirac 
mass ?7 in a flat spacetime,^^ for simplicity. We take the orbifold parities of the hypermultiplets 
as Eq.(A.24). In this case, Eq.(A.37) is reduced to 

tan^(m„7ri?) ^ \r]f , (4.5) 

where m„ is a mass eigenvalue of the n-th KK mode. The solution of Eq.(4.5) is given by 

n arctan \ri\ , , . 

It should be noticed that all mass eigenvalues receive the same shift due to the boundary 
mass r) independently of the KK level n, even for finite rj. This is in contrast to the case 
of the gauge sector in Eq.(4.3). In the hmit of \ri\ — > oo, the shift of the mass eigenvalues 
becomes 1/{2R), which means that BC of even-parity fields at y = ttR changes from Neumann 
to Dirichlet. The mode functions defined in Eq.(A.29) are (for < y < ttR) given as 

r]* 

fh,n{y) = ah,nCOs{mny), fH,n{y) = ± j^^M COs(mn|/) , 

/m(^) = -<nSin(m„y), /^,„(y) = T^a^.n sin(mny), (4.7) 



^^The parameter -q is dimensionless, which corresponds to a ratio of the fake Higgs VEV to the 5D cutoff 
scale A*. 
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where the double signs correspond to that in Eq.(4.6), and the complex constants ah,nS are 
determined by the normalization condition, Eq.(A.39). Again, we should remember that the 
parity eigenvalues do not change even when BCs change. 

When we take orbifold parities as Eq.(A.44), Eq.(4.5) is modified as 

cot^(mn7ri?) = \r]f , (4.8) 

where the mass spectrum is given by 

n + I , arctan \n\ , , 

= ± 4.9 

ti Tin 

It means that the shift of the eigenvalues by 7] is the same as that in Eq.(4.6). Notice that no 
zero-mode exists when = 0, however, it appears in the limit of I77I — > 00. This indicates that 
BC olh y — nR changes from Dirichlet to Neumann. The mode functions are the same as 
Eq.(4.7), but in the arguments are now given by Eq.(4.9) and the double signs correspond 

to that in it. 

Note that BCs of the mode functions /^^^ and „ (0 = h, H) are related to each other 
by the bulk mode equations in Eq.(A.30). Therefore if BC of a chiral multiplct changes from 
Neumann to Dirichlet, that of its chiral partner inevitably changes from Dirichlet to Neumann. 
Since the orbifold parities are unchanged by the boundary terms, the mode function of a 
parity-odd field becomes discontinuous at the boundary when BC changes from Dirichlet to 
Neumann. 

A similar relation exists between and {A — a, a) in the gauge multiplet. As will 
be mentioned in Appendix A.l, the gauge-scalar multiplet is absorbed into the M — 1 
vector multiplet dyV"". This means that the mode functions for the former are the same as the 
derivative of the mode functions for the latter. On the other hand, the mode equation for Ay 
is decoupled from by choosing a particular gauge-fixing function. So the mode functions 
and KK spectrum for Ay are independent of the boundary masses for A^. (^ee, for example, 
Ref.[36].) It seems contradict with the above relation between and However, we 
should remind that Ay is unphysical degree of freedom because it is eaten by A^ through the 
"Higgs mechanism" . In fact the mode function and the spectrum for Ay are gauge-dependent. 
Thus, we can always choose a gauge-fixing function for the KK spectrum of Ay to coincide 
with that of A^ (except for the zero- mode) . The J\f — 1 superfield description in this paper 
corresponds to this gauge. 

When we take orbifold parities as Eq.(A.40), situation is quite different from the previous 
two cases. Equation (A. 43) is reduced to 

sin(m„7ri?) cos(m„7ri?) = 0, (4-10) 

which means that the spectrum m„ = n/{2R) is unchanged by the boundary mass 77. Thus 
the zero- mode always exists irrespectively of the value of rj. The mode functions have explicit 
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1 77 1 -dependence (for < y < nR) as 

fh,n{y) = ah,nCos{mny), IhAv) = cos(m„|/) , 

fh,niy) = -^In^H'TTlny), fH,niy) = ' ,n ^HfT^nV) , (4.11) 

where 

{ — -al„ in: even), 
r, h,n V h ^^-^2) 

V*(^ln (n- odd). 

This is in contrast to the previous cases, where dependence of the mode function appears 
only through the mass eigenvahic. For sin(m„7ri?) = (i.e., n is even), for example, the modes 
reside only in {H, H'^) when rj = 0. Equation (4.12) means that this mode continuously moves 
from {H, H'^) to {h, h'^) as \ri\ increases. We can also infer this behavior from the fact that BCs 
are interchanged between the two hypermultiplets when |?7| goes from zero to infinity. 

Finally we consider a mixing mass between a bulk hypermultiplet {H, H^) and a chiral 
multiplet X localized on the y — ttR brane. Here we focus on a simple case that a bulk mass 
term is absent and the spacetime is flat. Then Eq.(A.56) is reduced to 

tan(m„7ri?) = ^ ^, (4.13) 

for the parity assignment of Eq.(A.48), and 

for the parity assignment of Eq.(A.57). The mixing parameter ^ has mass-dimension 1/2 
and the mass parameter for x, m^, has mass-dimension 1. {See Eq.(A.49).) Equation (4.13) 
has the same forms as Eq.(4.1) if we replace |^|^ with Ma and set — 0. Thus the |^|- 
dependence of the spectrum is similar to that of the gauge multiplet. Due to the existence 
of the boundary term aX y = ttR, the parity-odd field becomes discontinuous there. From 
Eq.(A.51) (or the counterpart in the case of Eq.(A.57)), the 4D chiral multiplet x is expressed 
as this discontinuity. 



4.2 Fake Higgs in 50(10) GUT 

In Section 2 we introduced 5*0(10) incomplete multiplets and iS'O(10)-brcaking interactions 
on the y = tiR brane by hand, since the gauge group is already reduced to the SM gauge 
symmetry there. In this subsection, we show an explicit realization of this setup by the fake 
Higgs construction. We start from an 5'O(10)-invariant theory on S^/Z2, where Ay has odd- 
parity so that it has no zero-modes. This means that the charge quantization and anomaly 
cancellation are ensured in this setup. 
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In order to obtain the BCs in Eq.(2.1), we put 45h, 16h, and 16h fake Higgs fields on 
the y — ttR brane. The 45h Higgs takes a VEV of diag.((T2, cr2, cr2, 0, 0) V45, which reduces the 

gauge symmetry as 5*0(10) SU{3)c x SU{2)l x SU{2)r x U{1)b^l at the energy scale of 
7745, where 02 is a Pauli matrix. And the 16h and 16h take VEVs in a Z^-fiat direction which 
lead to the breaking of SU{2)r x U{1)b-l U{1)y- Taking the VEVs of the fake Higgs to 
infinity, the BCs for the gauge multiplet in Eq.(2.1) are obtained. The 45h, 16h and 16h 
fake Higgs fields are assumed to have suitable interactions among them in order not to leave 
hght (colored) degrees of freedom. 

4.2.1 Triplet-Doublet Splitting 

Realization of the triplet-doublet splitting can be achieved by using a technique of Dimopoulos- 
Wilczek (DW) mechanism [37]. The VEV of the 45h fake Higgs in a direction of U{1)b-l 
generator induces the triplet Higgs masses as keeping the doublet Higgs massless. It is justified 
as far as the doublet Higgs fields are contained in IOh, since the doublets in IOh have vanishing 
U{1)b-l charges. Here we have to introduce additional 10^ on the y = nR branc to allow 
the coupling between IOh and 45h- This is because two identical IOh multiplets cannot form 
Yukawa interactions with 45h according to the 5*0(10) group structure, 



where subscript S (A) indicates that the product is ( ant i-) symmetric. The brane superpoten- 
tial which realizes the triplet-doublet splitting is given by^° 



where S-^Oh = 1(0) for bulk (brane) IOh field. It is natural to regard 10^ as a fake Higgs too, 
so that rriBw should be taken to infinity. When IOh is a brane field, only the MSSM doublet 
Higgs components remain to be massless and other fields decouple by getting super-heavy 
with large masses yow^^s and mow- When IOh is a bulk field, the KK spectrum is given 
as Eq.(4.13) by identifying ^ and rriy^ with yDw(45H)/-\/A^ and mow-i respectively. Thus, for 
the triplet components, the hghtest KK modes obtain masses of C(l/(2i?)), while the doublet 
components remain to be massless, which do not couple to 45h- 

^^If these interactions are absent, components with (3,2)i/6 and (3*,2)_2/3 for SU{^)c x SU{2)l x U{1)y 
become pseudo-NG bosons even in the hmit of infinite VEVs. (If gauge interactions are switched off, they 
become exact NG bosons.) 

^°Here we assume that terms such as IOh^ which destroy the DW mechanism are absent. 



10x10 = 15 + 45a + 545, 




(4.15) 
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4.2.2 Brane Interactions 



Here we comment on an idea of taking zero limits of the fake Higgs couplings in order to obtain 
the finite matter interactions and masses effectively. We know that the wrong GUT relations 
of the mass spectra between the down-type quarks and charged leptons can be modified by 
the effects of 5'C/(5)-breaking VEVs. The reahstic Yukawa matrices might be induced from 
the brane interactions, 

16 16 IOh /45h^V 16h16h ^" ,, 



where 6i6 = 1(0) for bulk (brane) 16 matter. The lowest order, n = m = 0, gives an 5*0(10)- 
symmetric Yukawa coupling.^^ This is an example of the FN mechanism. The effective Yukawa 
couplings are divergent by the infinite VEVs of the fake Higgs for the finite magnitude of Y^,^ 
(n, m > 0). So, in order to obtain finite Yukawa couplings from Eq.(4.16), the couplings Yn^^n 
must be infinitely small as keeping Yn,m (45h)"((16h)(16h))'" finite. The finite Majorana 
masses of the right-handed neutrinos might be also obtained from the brane interaction, 

S(y - 7rR)u; , (4.17) 

a/A* a/A* -'*-* 

where a coupling lu should be tuned for the suitable magnitudes of Majorana masses. 



5 Summary and discussion 

We have discussed 5D SUSY GUTs on the interval, where the gauge multiplets propagate in 
the 5D bulk. Interval BCs make the rank reduction of the gauge symmetry possible in contrast 
to the orbifold BCs. Although this idea of the rank reduction by BCs is well- known [9], most 
models use it to break the electro-weak symmetry[13] but the application to the GUT breaking 
has not been studied except for the trinification model [15]. 

We have investigated the 5D 5*0(10) iGUT, in which the gauge symmetry is directly 
reduced to the SM without introducing GUT-breaking Higgs fields. This is in contrast to the 
orbifold GUTs where the rank reduction is impossible. We can also consider iGUTs based on 
other higher-rank gauge symmetries, such as Eq. 

To be more concrete, we investigated the GCU, the proton decay and the 5*0(10) features 
such as t-b-T unification and charge quantization for different localization of the matter and 
Higgs fields. We also estimated the fiavor violations by the SUSY partners. We briefiy 
summarize our results: 

^^If 16h and 16h do not couple to the matter fields, which means m = 0, the CKM mixing angles vanish 
because of the SU{2)ii symmetry which commutes with (45h)- 
^^The KK masses do not break the lepton number. 
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1. Bulk Higgs scenario: 

The GCU is improved, i.e., the small disagreement of the QCD coupling from the pre- 
dicted value in the 4D GCU can be corrected by the existence of the light triplet Higgs 
modes. For this purpose, a compactification scale lower than the GUT scale is required, 
demanding the matter fields to be localized around the y = ttR brane for the proton 
stability. 

Because the bulk Higgs fields can couple to the SUSY breaking sector, the mu term can 
be induced through a contact term. In a similar way, the scalar soft squared masses for 
the Higgs fields can be generated and then induces the flavor violations via the RGE 
effects, which is similar to that in the MSSM with the right-handed neutrinos. 

2. Brane Higgs scenario: 

We can introduce only the doublet components of the physical Higgs on the S'O(IO)- 
breaking brane. This means that there is no dimension-five proton decay operators in- 
duced by the triplet Higgses. Additional 5'O(10)-incomplete multiplets might be needed 
for realizing the precise GCU. 

In order to realize an appropriate // term, some additional mechanism such as the 
NMSSM may be required. 

3. Bulk matter scenario: 

The charge quantization of Q{p'^) = —Q{e~) is ensured. If the 3rd generation matter 
field is locahzed around the 5'O(10)-preserving brane, the t-h-T unification can be also 
realized. 

Since bulk matters in general cause the SUSY flavor problem, another source of SUSY 
breaking may be needed which induces flavor-independent soft masses. When the 1st and 
2nd generations are localized around the y — ttR brane, which is required by the proton 
decay constraint for the improved GCU, the flavor violations are suppressed. When 
the 3rd generation has overlapping with the SUSY breaking brane, the contact term 
generates a sizable contribution to the (3, 3) element of the scalar soft mass matrices at 
the mediation scale, in the flavor basis. Although the off-diagonal elements are negligible 
in the flavor basis, the flavor violation can occur through the mixing matrix between the 
flavor and the mass bases. Especially if this mixing matrix is given by the CKM matrix, 
the flavor violation is estimated around the experimental bounds. 

4. Brane matter scenario: 

We loose some of the GUT-predictions such as the charge quantization and the t-b-r 
uniflcation. 

The SUSY flavor problem can be solved by the sequestering (gaugino mediation), and 
the dimension-six proton decay processes are absent in this setup. 
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In each case, all dimension-five proton decay processes can be suppressed by the (approximate) 
i?-symmetry[3]. The realistic Yukawa interactions and the Majorana masses can be reproduced 
with the help of the superpotential localized on the S'O(10)-breaking brane. As for the anomaly 
cancellation, the automatic cancellation of 5*0(10) is lost once S'O(10)-incompletc multiplets 
are introduced on the S'O(10)-breaking brane. Here, wc would emphasize that the couplings 
between the bulk matter fields and the gauge fields for the broken generators {e.g. the X gauge 
boson for SU(5) models) are non-vanishing, and induce the proton decay via the dimension-six 
operators. This is in great contrast with the orbifold GUTs where these couphngs are absent 
because of the constrained parity assignments. 

The interval BCs were first considered in Ref.[9]. Then, Ref.[10] investigates their con- 
sistency and finds some BCs that violate the tree-level unitarity and the Ward-Takahashi 
identities. In order to avoid such dangerous BCs, we used BCs obtained by introducing Higgs 
fields localized on the boundaries and taking a limit that their VEVs go to infinity[9], which 
we call the fake Higgs construction. 

Finally, let us comment on the warped spacetime. The iCUTs can be applied also in the 
warped 5D background [34]. The equations in the Appendices are useful also in the warped 
setup. We mentioned that the constraints from the dimension-six proton decay are largely 
modified from the flat case due to the wave-function profiles of the lower KK modes, while the 
discussion on the symmetry breaking pattern and the location of the hidden sector are not. As 
for the ecu, we have a technical difficulty in the analysis since the KK mass spectrum cannot 
be calculated analytically, although it is expected that qualitative features are not drastically 
changed from the fiat case. If the gauge coupling evolution is defined by two-point Green 
functions of the gauge fields with external lines on the UV brane, it develops logarithmically, 
and thus is calculable [38]. In this case, the difference of the gauge couplings are frozen out 
above the IR scale. Namely the GGU is the same as the situation in the MSSM, when the IR 
scale is the GUT scale. 
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A KK expansion with boundary masses 

In this appendix, wc review derivations of the KK spectra and profiles in a general setup with 
boundary masses. The 5D metric is given by 

ds'' = GMNdx^dx^ = 6-2^(^)77^, + (A.l) 

where M, = 0, 1, 2, 3, 5 are 5D indices, /i, z/ = 0, 1, 2, 3 arc 4D ones, and y = The warp 
factor a{y) is assumed to be a monotonic and nondecreasing function of y and a{0) = 0. 



A.l Gauge sector 

A 5D gauge multiplct consists of a gauge-scalar S, a gauge field Am, and gauginos A*, where 
i = 1,2 is the SU{2)r index. Each field is matrix-valued, i.e., 

Am = J2^mT^^ (A-2) 

A 

where T"^ is a generator of the gauge group. The 5D Lagrangian is written in the 4D A/" = 1 
superspace by introducing the following J\f —1 superfields[39, 21],^^ 

V = -ea^eAf, + ie^^eWx^ - ie^^^ex^ + ]-eWD, 

$ = ^ (S + %Ay) + e^'^dX^ + d'^F^, (A.3) 

where D and F$ are auxihary fields. We focus on a simple case that the orbifold projection 
does not break the gauge group at all. Namely, the orbifold parity is assigned as 

(+,+), $(-,-)■ (A.4) 

The left (right) signs denote the parities at y = (y = 7ri?) . 
The 5D Lagrangian is expressed as 

+ e-^-^ / d^Q ^tr , (A.5) 
J 95 

where is the 5D gauge coupling, Wq and V5 are the gauge-covariant quantities defined as 

Wa = ^L>'e^L'„e-^ = -^D^DaV + • • • , 
V5 = e^dye-^ + $ + e^$^e-^ = -dyV + $ -f $t + • • • , (A.6) 
23For the extension to the 5D SUGRA, see Ref.[40]. We will follow the notation of Ref.[41]. 



^gauge 



d^e -^tr {WWa) + h.c. 
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where the eUipses denote quadratic and higher terms. The normahzation of the generators are 
taken as 

tr(r^r^) = U^"". (A.7) 

We introduce 4D chiral multiplets 0q and locahzed at the orbifold boundaries at y = 
and Trit!, respectively. The indices /, J run over different irreducible representations of the 
gauge group. They interact with the 5D gauge multiplet as 



'bd _ g-2(T 



1 d'd |x^0^V^</>^<5(y)+X]0;:VV0;:%-7ri?)| + -- - , (A.8) 



where the ellipsis denotes the self-interaction terms of 0o,7r. 

The above Lagrangians are invariant under the (super-) gauge transformation, 



V A y At 

e e e e , 



4>l - e^^'m <l>i ^ e^^-^Ui (A.9) 

The transformation parameter A is a chiral superfield. Under this transformation, the gauge- 
covariant quantities transform as 

Vs ^ e^Vse-^. (A.IO) 
By choosing the gauge parameter A as 

exp {A{x, y)}^Vexpi^- dy' ^x, y') | , (A.ll) 

we move into the gauge where $ = 0. The symbol V stands for the path ordering operator 
from left to right. Recall that all (non-zero) KK modes of Ay are absorbed into those of 
by the "Higgs mechanism" , and the latter obtain the KK masses. Thus we can call it unitary 
gauge. Note that V is no longer in the Wess-Zumino gauge, and its lowest and the next lowest 
components for ^, ^ are physical degrees of freedom. 

Now we assume that the scalar components of 0q and get VEVs and break the gauge 
group to a subgroup at the boundaries. Then the Lagrangian becomes 

C= [ d^e -^tr (WWa) + h.c. +^ [ d^'e tr{{-dyVf + • • •} 



*f \ T A TD 1 A ID 



2^? J I 



(A.12) 
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where M.^^^^ and M^^^^ are the boundary mass parameters defined by 

Mi'^^' ^ 9M)'T^T^{K), Mi'^^^ ^ gM^T^T^M- (A.13) 

The eUipses in Eq.(A.12) shows the terms involving the fluctuation around the VEVs, which 
decouple in the limit of TWq.tt oo. Here we have assumed that SUSY is preserved when 0o,7r 
get the VEVs. 

In the following discussions, we consider a case of M'-o^^^ = 0. Then we can always 
diagonalize the matrix '^jJ^lf^^^ for the indices A,B by using the gauge symmetry, i.e., 
^jMi^^^^ = MaS^^- Thus Eq.(A.12) becomes 



jC = 



-X^ ! (fey w^'^w^ + h.c. 

- A / E {^y - e-'"'MAV^5{y -t^R) + ■■■], (A.14) 

where we have performed the partial integration. Now we expand the 5D superfield V into 
4D KK modes, 

n 

The mode equation for the KK modes is read off from Eq.(A.14) as 

dy (e-'^dyf^) - e-'^MAmy - ^R) = -mljn- (A.16) 

Since V"^ is a Z2-cvcn superfield, the mode functions fn{y) are even functions around y = 
0,7iR. Thus from Eq.(A.16), we obtain the following BCs. 

9yfn\y=o = 0, 

The first condition is the ordinary Neumann BC while the second one is a mixed-type EC In 
fact the latter is reduced to the Neumann BC in the limit of A4a — 0, and it becomes the 
Dirichlet BC in the limit of M.a oo- 

The general solution of Eq.(A.16) is written as 

f:^{y) = a^C{y,ma,n) + P^S{y,ma,n): (A.18) 

where and are real constants determined by the BCs. The functions C{y,m) and 
S{y,m) are defined in Appendix B. The first condition in Eq.(A.17) means (3^ — 0. So the 
second condition is translated into 

-2C'{7rR, ma,n) = MaCIttR, m„,„), (A.19) 
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where the prime denotes the y-derivative. This determines the mass spectrum {ma,„}. The 
remaining constant is fixed by the normahzation condition, 



^0 



(A.20) 



A. 2 Hypermultiplet sector 



Next we consider a matter sector of hypermultiplets (Jfj, H^), where and are M — 1 
chiral superfields and belong to conjugate representations of the gauge group. Namely, under 
the gauge transformation Eq.(A.9), they transform as 



Hi ^ e'^H,, HI ^ Hie 



(A.21) 



The index i runs over the irreducible representations. The bulk Lagrangian of this sector is 
given by 



i 

J dHY^l^-iHldyH^-dyHlH,) 



Hl^Hi + Mie{y)H1H, \ + h.c. 



(A.22) 



where Afj's are bulk mass parameters and e{y) is the periodic step function. 

For simplicity, let us focus on two hypermultiplets among (iJj, Hi), and denote them as 
(/i, h'^) and (if, H'^). They are components either in the same gauge multiplet or different one. 
Then the Lagrangian for them is written as 



^hyper _ -2a 
''-'bulk — ^ 



+e" 



j d^e 1^ {K'dyh - hdyh" + H^dyH - HdyH") 
+ Mhe{y)h'h + MnsiyWH) + h.c. 



+ 



(A.23) 



where and Mh are the bulk mass parameters. In the case that (/i, h'^) and (if, H^) belong 
to the same gauge multiplet, = Mh- 

A. 2.1 Boundairy mass terms 

Here we consider effects from mass terms localized at y = ttR, which are induced by the 
VEVs of (We do not consider the boundary masses coming from 0q, for simphcity.) Each 
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chiral superfield has an opposite orbifold parity to the chiral partner (contained in the same 
hypermultiplet) . Thus there are the following three cases according to the orbifold parity 
assignments. 

Case 1 

First we consider a case that both the hypermultiplets have the same parities at both the 
orbifold boundaries, i.e., 

h (+,+), h'^ {-,-), H (+,+), H'^ (-,-). (A.24) 

The left (right) signs denote the parities ai y = {y = nR). In this case the most general 
boundary mass terms are given by 



-^hyper _ -3cr 



(A.25) 



where the Majorana masses k, A and the Dirac mass 7] are dimensionless parameters. We 
treat them as complex parameters, although two phases among k,, A and rj can be absorbed 
by field redefinitions unless the phases of h and H are fixed in another sector. 
The mode equations are given by 

—D'^h - (^dy - ^a' - M^£^ h" + 2e-^(«;/i + r]H)5{y - nR) = 0, 



-^L>2^ - e-" i^y - ^a' - MhS^ H" + 2e-''{r]h + \H)5{y - nR) = 0, 

—D"^!!^ + e"'" {dy - ^a' + MhE^ H = 0. (A.26) 

The BCs at y = are determined only by the orbifold parities^^ as 

hX=o = HX=o = 0, (A.27) 

since there are no boundary terms there. On the other hand, the BCs at y = ttR are modified 
by the boundary mass terms as 

[hrfR-l = 2{Kh + vH}^^^^ , 

[HXR-e = Hvh + XH}^^^^. (A.28) 



^'^Thcsc parameters eorrespond to ratios of the boundary Higgs VEVs to the 5D cutoff scale A*. 
^^The BCs for h and H do not provide independent informations from those for h'^ and H'^, because the 
former mode functions are related to the latter ones through the bulk equations of motion. {See Eq.(A.30).) 
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Now we expand the 5D superfields into 4D KK modes as 

n n 

H{x, y,e) = J2 e'^''fHAy)Hn{x, e), h^x, y,e) = J2 o)- (A.29) 

n n 

The mode equations in the bulk (0 < y < nR) are given by 

{dy + M^) = mneT^%, 

{dy - M^) fl^ = -m„eV;„, (A.30) 
where (f) — h,H. From the BCs in Eq.(A.28), the mode functions must satisfy the conditions, 

fU^) = /^,n(0) = 0, (A.31) 

rn^-KR - e) = -vfhA^R) - XfH,n{^R)- (A.32) 
Solutions of Eq.(A.30) with the BC in Eq.(A.31) are given by 

U,n{y) = Q;<A,ne"^'*^CM^(?/,mn), 

flniy) = -c^lne^'^'S^M^iy, m„), (A.33) 

where (f) — h,H, and {oih^n, aH,n) a-re complex constants determined by the BCs. The func- 
tions CMiy^rn) and SMiy^iri) are defined in Appendix B. Thus the BCs in Eq.(A.32) are 
rewritten as 

Re aH,n 
Im ah,n 
\Im aH,n/ 



= 0, 



(A.34) 



with 



Ma 



where 



\ VlC^Mh ^iCmh VR^^Mh 



—tiiCmh 

— XjCmh 
XrCmh + S-Mh 



-M 



M 



-MivR 



CM{'^R,mn), 



(A.35) 



(A.36) 



and kr = Rbk, kj = Imre, and so on. The condition that Eq.(A.34) has a nontrivial solution 



IS 



detM4 = Cl^Cl^ [T'iiTl^ - 2 \v\'Tm,Tm, - \\\^fl^ - |«r T^, + \n\ - v 



= 0, 
(A.37) 
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where 



Tm = 



-M 



c 



(A.38) 



M 



Equation (A. 37) determines the mass spectrum. The complex constants ah,n and aH,n are 
determined by Eq.(A.34) with the solution of Eq.(A.37), and the normalization condition, 



ri?. 



dy {\fh,n{y)f + \fH,n{y)f} = '^- 



(A.39) 



Case 2 



Next we consider a case that one hypermultiplet has the same parities at both boundaries 
while the other has opposite parities, i.e., 



h {+,-), /i^ (-,+), H {+,+), {-,-). 
In this case the most general boundary mass terms are given by 



/'hyper _ -3a 



d'e {h^ H){^^ f\ (i)S{y-7:R)+h.c. 



(A.40) 



(A.41) 



where the dimensionless mass parameters k, A and rj are complex. Through similar calculations 
to the Case 1, we obtain an equation that determines the mass spectrum. It corresponds to 
Eq.(A.37) with the replacement of 



Namely, the mass spectrum is determined by 



(A.42) 



detM4 = Sl^^Cl^ (f-lf!,^ + 2\rjff-lfM, - \Xff, 



2 



■M, 



(A.43) 



Case 3 



Finally we consider a case that both the hypermultiplets have opposite parities at the two 
boundaries, i.e., 

h {+,-), /i^ (-,+), H {+,-), H'^ {-,+). (A.44) 
In this case the most general boundary mass terms are given by 



4r = e 



-3(7 



J cPe {h" H^) 



K 7] 
7] A 



5{y - ttR) + h.c. 



(A.45) 
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where the dimensionless mass parameters k, A and rj are complex. The equation that deter- 
mines the mass spectrum corresponds to Eq.(A.37) with the replacement, 



{S-Mh^Cmh) ~^ {Cmh-:~S-Mh)- 

Thus, the mass spectrum is determined by 



detAl4 = 5'^ S'^ /Tn-2T^-2 o l»,|2Tn-lT^-l \\\2rr-2 |,.|2.f,-2 , | ,^ x „2|2 



(A.46) 



= 0. 
(A.47) 



A. 2. 2 Mixing with boundciry fields 

Now let us consider effects from brane mass terms between a bulk hypermultiplet (i?, H'^) and 
a 4D chiral superfield x locahzed on the y — nR brane. 

Case 4 

First we consider a case that the hypermultiplet has the same parities at both boundaries, 

(A.48) 



I.e. 



H {+,+), {-,-). 
The boundary Lagrangian in this case is 



2a{nR) J ^Ag |^|2 ^ g-3a(^i?) J £q (^Hx + ]^m^X^^ + "^-C- ^5{y-T:R). (A.49) 



The constants ^ and ruy^ have mass-dimension 1/2 and 1, respectively. The equations of motion 
are 

~D^H + e-'^ |- (dy - ^a' - Mhs) H'^ + ixKv -^R)\- 0, 



-\d''H'' + e-"" {^y - ^a' + MhS^ H = 0, 
■]d'x + e-"^'^^) {my=nR + m^x} = 0, 



(A.50) 



Prom the first equation, we obtain a relation between the boundary and bulk superfields as 

(A.51) 

Using this relation, the last equation in Eq.(A.50) is rewritten as 



4 I 2 ^ 



0, 



(A.52) 



- y=iTR—e 
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where = m^^/^. Thus the mode functions satisfy the following BC, 



This is translated by using Eq.(A.33) into 



= 0. 



The condition for it to have a nontrivial solution is 



0, 



(A.53) 



(A.54) 



(A.55) 



or 



Case 5 



M. 



(A.56) 



Next we consider a case that the hypermultiplet has opposite parities at both boundaries, i.e., 

H {+,-), H'^ {-,+). (A.57) 
The boundary Lagrangians in this case are 

Ad = je-^'^^-^) I d'e Ixl' + e-^^^""^ J d'9 (^^H\ + ^m^x') + h.c. | 5{y - nR). 

(A.58) 

where ^ and are complex parameters whose mass-dimensions are 1/2 and 1. Through the 
similar calculations to the Case 4, we obtain an equation that determines the mass spectrum. 
It is obtained from Eq.(A.56) by the replacement, 



{S±Mh,C±Mh) {C^Mh-,-S^Mh)- 

Then the mass spectrum is determined by 



f-i _ 



(A.59) 



(A.60) 
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B Bases of mode functions 

This section shows the definitions and properties of functions, C{y,m), S{y,m), CM{y,fn), 
and SM{y,m), following Ref.[42]. The functions C{y,m) and S{y,'m) are defined as solutions 
of 

{9j-2a'a^ + mV'^}/ = (B.l) 

with initial conditions of 

C(0,m) = l, C"(0,m) = 0, 

S(0, m) = 0, S'(0, m) = m. (B.2) 

From the Wronskian relation, they satisfy 

S'{y, m)C{y, m) - C'{y, m)S{y, m) = me^^^y^ . (B.3) 

Next we provide the definition of CMd/,""^) and S'Md/,'"^)- Combining the two equations 
in Eq.(A.30), we obtain the following type of the second order differential equation, 

{d^ - a'dy - M{M + a') + m^e'"'} fu = 0. (B.4) 

By redefining fuiy) as 

fM{y) ^ e^'yfMiy), (B.5) 

Eq.(B.4) becomes 

{dl-{(j' + 2M)dy + m'e"']fM^Q. (B.6) 
The functions CMiy, tti) and Suiy-i tti) are solutions of Eq.(B.6) which satisfy initial conditions, 

CM(0,m) = 1, C;^(0,m) =0, 

Sm{0, m) = 0, S'm{0, m) = m. (B.7) 
Here let us define a function guiy) as 

~9M{y) ^ e-^^y^-'^'yfM- (B.8) 

Then it satisfies 

{d^ - {a' - 2M)dy + m^e^''} QM ^ 0. (B.9) 
This means guiy) oc f-uiy)- Taking into account the initial conditions, we obtain 

C'M{y,m) = -me'^+2^^5_M(z/,m), 

S'j^{y,m) = me'^+^^^C_M(y,m). (B.IO) 
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Furthermore, using the Wronskian relation, we obtain 

S'^{y, m)CM{y, m) - C'^{y, m)SM{y, m) = me'^(^)+^^^ (B.ll) 
which is translated into 

Cuiy-, m)C_Miy, m) + Suiy-, m)S_M{y, m) = 1, (B.12) 

by using Eq.(B.lO). 

B.l Flat spacetime 

Let us see explicit forms of CM{y,m) and SM{y,m) in the case of the fiat spacetime, i.e., 
a{y) = 0. In this case, Eq.(B.l) is reduced to 

(a2 + m^)/ = 0, (B.13) 

and 

C{y,m) = cos{my), S{y,m) = sm{my). (B-14) 
On the other hand, Eq.(B.4) becomes 

{dl-M^ + m^)fM^O. (B.15) 

Thus a general solution is given by 

fj^(y) ^ Acos{Vm^ - M^y) + B sm(V - M^y), (B.16) 

where A and B are integration constants, and > is assumed. From Eqs.(B.5) and 
(B.7), we obtain 

CM{y,m) = \cos{Vm^ - M^y) - ^ sm{V m'^ - M^y)\ 
{ y/iri^ — ) 

= J" e^^cos(Vm^-M^y + (^), 
ym^ — 
m 



SM{y,m) ^ , e^y sm{V - M^y), (B.17) 



where 

/n ^ a mi' dirt I _ 



(f = arctan ( = ) . (B.18) 
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B.2 Randall- Sundrum spacetime 

Finally we consider the case of the warped background setup of a{y) = ky {k > Q, Q < y < ttR). 
In this case solutions of Eq.(B.6) are expressed by the Bessel functions as 



7rm e'^^y ( /"m\ , /m ■ ,\ , /"rn\ , /m 



















(t 





2A; sinvro; I \ k / \ k 
where a = (M/k) + 1/2. We can see 

C{y, m) = Ck/2{y: m), S{y, m) = Sk/2{.y, m), (B.20) 

from Eqs.(B.l) and (B.6). 
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